Abstract: Docosahexaenoic acid (DHA, 22:6, n-3) is a long-chain polyunsaturated fatty acid necessary for normal brain growth and cognitive development. Seafood and dietary supplements are the primary dietary sources of DHA. This study addresses the associations between DHA status in pregnant women and healthy, term-born infant problem-solving skills assessed using the Ages and Stages Questionnaire. The fatty acid status of maternal red blood cells (RBCs) was assessed in the 28th week of gestation and at three months postpartum. The infants' fatty acid status (RBC) was assessed at three, six, and twelve months, and problem-solving skills were assessed at six and twelve months. Maternal DHA status in pregnancy was found to be positively associated with infants' problem-solving skills at 12 months. This association remained significant even after controlling for the level of maternal education, a surrogate for socio-economic status. The infants' DHA status at three months was associated with the infants' problem solving at 12 months. The results accentuate the importance for pregnant and lactating women to have a satisfactory DHA status from dietary intake of seafood or other sources rich in DHA.
Introduction
The brain undergoes a rapid growth spurt during the last trimester of pregnancy and the first years of life. Long-chain polyunsaturated fatty acids (LCPUFAs) such as docosahexaenoic acid (DHA, 22:6, n-3) and arachidonic acid (AA, 20:4, n-6) are important for normal brain functions [1] , the development of visual and neural tissues [2] [3] [4] , and subsequently motor and cognitive development [5] . Therefore, adequate levels of DHA and AA are important for pregnant and lactating women, and for infants [6] . The transfer of DHA across the fetal blood-brain barrier depends on the relative amounts of fatty acids in the blood of the fetus, while the transport of DHA to the fetus during this period is highly dependent on maternal dietary intake. Modern diets contain increased n-6/n-3 ratios (10-25:1), which may influence the effects of polyunsaturated fatty acids (PUFAs) on human metabolism [7] .
Materials and Methods

Design and Study Population
This study drew on data from a prospective longitudinal cohort study on mental health, seafood nutrition, and infant development. The recruitment of participants took place in the Fjell municipality, a (by Norwegian standards) middle-sized municipality in Western Norway from November 2009-June 2011. One-hundred-and-twenty-six mothers gave their informed consent to take part in the study, on behalf of themselves and their infants. The study was conducted in accordance with the Helsinki Declaration of 1975 (revised in 2008). Written informed consent was obtained from all participants, who were free to withdraw from the study at any time, without reason. The Regional Committee for Medical and Health Research Ethics (REC West) Norway and The Norwegian Social Science Data Service approved the study and the consent procedures. A research biobank was established and approved for the storage of biological samples. A description of the background variables of the cohort is given in Table 1 . The women were recruited by their midwife or medical doctor in the 24th week of gestation (n = 71). If not targeted during pregnancy, they were recruited by their public health nurses after birth (n = 55). The study involved four waves of data collection: 28th gestational week, three-, six-, and twelve months postpartum (see Figure 1 ). Ten infants were excluded for low birth weight (birth weight ≤ 2500 g) and/or premature birth (gestational week < 37). 
Blood Sampling and Fatty Acid Analyses
Venous blood from the elbow cavity was stored in an ice-water cooled, 4 mL BD Vacutainer ® K2E with 7.2 mg vials for preparation of RBCs, which were centrifuged (10 min, 1000× g, 20 • C) within 30 min. RBCs were adequately separated to ensure a clean blood fraction. RBC samples were stored at −20 • C for 0-4 weeks prior to transportation on dry ice to a −80 • C freezer, where they were stored until analysis. The fatty acid composition of total RBCs was determined by ultrafast gas chromatography (UFGC) (Thermo Electron Corporation, Waltham, MA, USA) using a method developed by Araujo et al. [36] . Briefly, 50 µL homogenized samples were mixed with boron trifluoride (BF 3 ) and internal standard (19:0 methyl ester), followed by extraction with hexane. The fatty acid composition was calculated using a lab data program (Chromeleon 6.80, Dionex Corporation, Sunnyvale, CA, USA) connected to the UFGC, and identification was ascertained by standard mixtures of methyl esters (Nu-Chek, Waterville, MN, USA). The limit of quantification (LOQ) was 10 µg fatty acid/g samples (wet weight, w/w). The certified reference materials (CRMs), CRM 162 (soy oil) and CRM 163 (pig fat), controlled the analytical quality of the method and systematic errors. The fatty acid composition of cooking oils was analyzed by gas liquid chromatography (GLC, Trace GC 2000, Thermo Electron Company, Beverly, MA, USA) according to a previously described method [19] . Total lipid content was extracted, filtered, evaporated, and saponified, and fatty acids were esterified. The methyl esters were separated using Auto-GC (Instrument-Teknikk AS, Bergen, Norway), equipped with a 50 m CP sil 88 (Varian, Courtaboeuf, France) fused silica capillary column (i.d.: 0.32 mm), using "cold on-column" injection, a temperature program (60 • C (25 • C/min) to 160 • C (25 • C/min) to 190 • C (25 • C/min) to 220 • C), and flame ionization detector. The fatty acid composition was calculated using a lab data program (Turbochrom Navigator, Version 6.1) connected to the GLC, and identification was ascertained by standard mixtures of methyl esters (Nu-Chek, Elyian, Waterville, MN, USA). Nonadecanoic acid (19:0) methyl ester was used as internal standard. The LOQ was 10 µg fatty acid/g sample (wet weight, w/w). The results are expressed as absolute and relative amounts. The n-3 index was calculated as the content of the EPA and DHA in the RBC membrane, expressed as percentage of total fatty acids [35] .
Infant Developmental Status
Infant developmental status was assessed with the Ages and Stages Questionnaire (ASQ) (2nd edition) [37] . The ASQ is a parent-completed screening instrument that consists of 19 age-related questionnaires from 4-60 months of age [38] . Each questionnaire consists of five developmental domains (communication; gross motor; fine motor; problem solving; and personal-social) with six questions in each domain. Each domain gives a score from 0 to 60, where a higher score reflects higher developmental skills. Adding together the domain scores gives a total ASQ score from 0 to 300. The parents were asked to describe their child with the possible responses: yes, sometimes, or not yet [39] . The ASQ was translated into Norwegian and validated with Norwegian infants [40, 41] . The parent(s) completed the assessment when the infants were both 6 and 12 months old. Because earlier studies have found associations between DHA and problem-solving skills or cognitive development [21] [22] [23] [24] , only the problem-solving domain was used in the present study.
Covariates
We obtained maternal self-reports on age and educational level via a questionnaire designed for the project in the 28th week of gestation and at 3 months postpartum. Length of maternal education was used as a surrogate for socio-economic status in this study, as previous studies have shown that parental education levels are directly associated with child outcomes [42] . Norway is an affluent and egalitarian society when it comes to income distribution. This is why educational level rather than a composite SES measure was used to index socio-economic status (SES) in this study. This approach is also in accordance with the recommendations in the literature [43] .
At 3, 6 and 12 months postpartum, the investigator asked the mothers about breastfeeding, in order to determine how long infants had been breastfed.
Statistical Analyses
Differences between the participants recruited pre-and postpartum were investigated with an independent sample t-test, in order to investigate if there were any systematic differences between the two samples with respect to the mothers' DHA status at 3 months postpartum and the infants' DHA status at 3, 6, and 12 months postpartum. Normality of the variables was calculated with Shapiro-Wilk statistics. Means (SD) were calculated for the normally distributed variables and median (range) were calculated for the not normally distributed variables.
Correlations between the mothers' DHA status in pregnancy and the infants' DHA status at 3, 6, and 12 months were analyzed using Pearson's r, as these associations were found to be linear. However, as the associations between maternal or infant DHA status and infant developmental score appeared to be non-linear, or monotonic rather than linear, the non-parametric Spearman rank correlation was used to analyze these relationships, using the Spearman rank order concurrently at each age point and as lagged correlations across age levels.
The variables analyzed in this study were both continuous and categorical. Educational level was treated as a categorical variable while maternal age and length of breastfeeding were treated as continuous variables. In order to analyze the relationship between maternal characteristics (i.e., educational level and age), infant nutrition (i.e., months of breastfeeding), DHA status at 3, 6, and 12 months, and infants' problem-solving scores at 6 and 12 months, Spearman rank order correlations were calculated. Analysis of variance was performed to assess the associations between fatty acid on infant developmental status after controlling for covariates. All statistical analyses were carried out with the use of Statistical Package for the Social Sciences (IMB ® SPSS ® Statistics 23, IBM Corporation, Armonk, NY, USA).
Results
Fatty Acid Composition in RBC
Descriptive data of fatty acid composition of RBCs (µg/g RBC and %) in pregnant women in third trimester and infants at 3, 6, and 12 months of age are shown in Table 2 . 
Associations between Maternal and Infant Fatty Acids
The mothers' DHA status (µg/g RBC) in pregnancy was positively correlated with the infants' DHA status (µg/g RBC) at three (r = 0.42, p < 0.05), but not at six or twelve months of age. There were also significant positive correlations between the infants' DHA status (µg/g RBC) at three and six months (r = 0.47, p < 0.01) of age, while the infants' 12-month DHA level was not correlated with the infants' DHA status at either three or six months of age. There were no differences between the groups recruited pre-and post-natally, in either the mothers' or the infants' fatty acids status (data not shown).
Associations between DHA Status and Problem Solving Scores
Infant problem-solving scores at 12 months were significantly correlated with both maternal pre-partum (r = 0.58, n = 31, p < 0.001, see Figure 2 ) and infant three-month (r = 0.26, n = 60, p < 0.05), but not six-or twelve-month DHA levels. There was a tendency towards a concurrent positive correlation between infant DHA status (µg/g RBC) and problem-solving scores at six months, but not significantly (r = 0.25, n = 57, p = 0.08). There were no other significant correlations between DHA status and other ASQ domains, including the total ASQ score.
There was a significant positive correlation between the mothers' educational level and the infants' problem-solving score (r = 0.35, n = 72, p < 0.01) at 12 months, and between the mothers' age and the infants' problem solving (r = 0.28, n = 75, p < 0.05) at 6 months. There was also a significant positive correlation between the mothers' age and the infants' DHA status at 6 months (r= 0.29, p < 0.05), and a significant positive correlation between the mothers' educational level and the infants' DHA status at 3 months (r = 0.31, p < 0.05). Thus, the mothers' education level was treated as a potential confounder in the further analyses. Analysis of variance where the mothers' educational level was treated as potential confounder showed that mothers' DHA status (µg/g RBC) in pregnancy was associated with infant problem solving at 12 months (p = 0.012). There was also a borderline significant difference in estimated marginal mean problem-solving scores between infants of mothers with the highest educational level (M = 49.67) compared to infants of mothers with the second lowest educational level (p = 0.051) ( Table 3 ). The model explained 30% (adjusted R square = 0.23) of the variance.
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Associations between DHA Status and Problem Solving Scores
There was a significant positive correlation between the mothers' educational level and the infants' problem-solving score (r = 0.35, n = 72, p < 0.01) at 12 months, and between the mothers' age and the infants' problem solving (r = 0.28, n = 75, p < 0.05) at 6 months. There was also a significant positive correlation between the mothers' age and the infants' DHA status at 6 months (r= 0.29, p < 0.05), and a significant positive correlation between the mothers' educational level and the infants' DHA status at 3 months (r = 0.31, p < 0.05). Thus, the mothers' education level was treated as a potential confounder in the further analyses. Analysis of variance where the mothers' educational level was treated as potential confounder showed that mothers' DHA status (µg/g RBC) in pregnancy was associated with infant problem solving at 12 months (p = 0.012). There was also a borderline significant difference in estimated marginal mean problem-solving scores between infants of mothers with the highest educational level (M = 49.67) compared to infants of mothers with the second lowest educational level (p = 0.051) ( Table 3 ). The model explained 30% (adjusted R square = 0.23) of the variance. 
Discussion
The main finding in this study is that maternal DHA status in pregnancy was positively correlated with infants' DHA status at three months and infants' problem-solving skills at 12 months. Maternal DHA status during pregnancy had the strongest association with infant problem-solving skills at 12 months, and the association was even stronger after controlling for level of maternal education.
The associations between maternal DHA status and infant development found in this study are in line with the results from other studies [21, [44] [45] [46] , although Jasani et al. [27] found that most studies on LCPUFA supplementation in healthy, full-term infants had limited impact on infant cognitive development. Thus, our results accentuate the importance of DHA during brain development in pregnancy.
The present study indicates that the fatty acid composition of the membrane in circulating RBCs during pregnancy is associated with later problem-solving skills. This could be explained by the biological role and rapid accretion of DHA in the human brain during the third trimester and the early postnatal period, a time when the rate of brain growth is maximal [1] . From a developmental perspective, adequate and balanced DHA status in early infancy may benefit the maturation of specific developmental domains that are manifested later in infancy and childhood [44] . Regions of the prefrontal cortex are associated with problem-solving skills [47] , and the underlying mechanism for problem solving could represent faster information processing or better attention regulation [4] . In addition, since different parts of the brain have different contents of fatty acids [1] and mature at different time courses [48] , we can probably not expect to find a significant association between DHA and problem solving at both 6 and 12 months. The prefrontal cortex involves structures that mature late, and assessment at 12 months may be a more relevant time point to measure problem-solving skills. Therefore, this could explain why the strongest association in this study was between maternal DHA status in pregnancy and infant problem-solving skills at 12 months. In a randomized controlled trial infants who received an LCPUFA-supplemented formula had significantly better problem-solving skills at 10 months than infants who received the no-LCPUFA formula [23] .
Parental stimulation and infant home environment were found to interact and determine part of infants' developmental outcome [44] . The present study found that the mothers' educational level was positively associated with both the infants' DHA status at three months and problem-solving skills at 12 months. When we controlled for educational level, the mothers' DHA status in pregnancy still had a strong and significant association with the infants' problem solving at 12 months. The results support European Food Safety Authority (EFSA)'s recommended daily intake of 200 mg of DHA for pregnant women. It also fits well with the latest suggested advice from the U.S. Food and Drug Administration [11] and the Norwegian Directorate of Health [12] , who recommend seafood intake corresponding to 2-3 dinner meals weekly for all age groups, including pregnant women. Nevertheless, seafood intake among young Norwegian women is low compared to the recommendations [33, 49] . In a recent study, using the same cohort of women as in the present study, we found that the median intake of seafood was lower than recommended [10] .
The outcomes measured in this study were based on assessments from one instrument only, using parent reports of infant behavior. It could be argued that parents may be biased in judging their own children, which would influence the findings. Thus, the results and their implications should be interpreted with caution. On the other hand, the ASQ has been found to yield accurate developmental information about the child when parents were asked to make judgments about current, observable infant behaviors [37] . There also seems to be a ceiling effect of the ASQ, with less variance among those mothers with highest DHA status in pregnancy, as depicted in Figure 2 . Even if the ASQ is a screening instrument, Klamer et al. [50] reported that the ASQ is related to measures of general developmental abilities in preschool children, and that it involves information processing abilities similar to skills measured in older children [51] . Another limitation is the low sample size. The current study population of 82 is only 17% of the source population, with even smaller sample sizes available for the lagged correlations across age levels. This is a limitation, even though we used non-parametric methods to analyze these associations, and that we have previously shown that the DHA status for the mothers and infants that entered the study at three months postpartum did not differ significantly from those that entered the study during pregnancy [33] .
Conclusions
These findings suggest that maternal DHA status in pregnancy is associated with infant problem solving at 12 months. Since higher problem-solving scores in infancy are related to higher childhood IQ scores, this study underlines the importance of adequate maternal DHA status prior to the growth spurt of infant brains in the last trimester of pregnancy. In order to ensure their infants' as well as their own DHA status, pregnant and lactating women should have a satisfactory dietary intake of seafood or other sources of DHA. Future research needs prospective observational studies with larger samples or randomized-controlled studies to verify the benefits from DHA in pregnant mothers and young infants in relation to infant developmental status. 
